Just as mating patterns can promote speciation or hybridization, the presence of hybridization can shape mating patterns within a population. In this study, we characterized patterns of multiple mating and reproductive skew in a naturally hybridizing swordtail fish species, Xiphophorus birchmanni. We quantified multiple mating using microsatellite markers to genotype embryos from 43 females collected from 2 wild populations. We also used a suite of single-nucleotide polymorphism markers to categorize females and their inferred mates as either parental X. birchmanni or as introgressed individuals, which carried alleles from a sister species, X. malinche. We found that parental and introgressed X. birchmanni females mated multiply with both parental and introgressed males. We found no difference in mating patterns or reproductive skew between parental and introgressed X. birchmanni females. However, nonintrogressed X. birchmanni males mated more often with large, fecund females. These females also had the greatest levels of skew in fertilization success of males. Thus, our results show that X. birchmanni has a polygynandrous mating system and that introgression of X. malinche alleles has only subtle effects on mating patterns in this species. Subject areas: Reproductive strategies and kinship analysis
Individual reproductive success is shaped by a number of factors, including ecological, social, and individual effects (Jones and Ratterman 2009; Alonzo 2010; Kuijper et al. 2012) . These factors contribute to the evolution of complex traits, such as male ornaments and female mate choice, as well as to the ecological and evolutionary dynamics of populations. For example, sexual selection can act to drive and subsequently reinforce the evolution of pre-and postmating mechanisms of reproductive isolation during speciation (Panhuis et al. 2001) . Alternatively, in some cases positive selection may act in favor of the introgression of a trait found in 1 parental species into another (Parsons et al. 1993) or favoring hybrid phenotypes not found in either parental species (Rosenfield and Kodric-Brown 2003) . In these cases, the presence of hybrid phenotypes changes the phenotypic distribution upon which selection can act, sometimes resulting in trait values that lie outside of the range of variation observed in either parental species.
Just as the introduction of heterospecific alleles may change the distribution of traits and preferences related to precopulatory mate choice, hybridization may impact phenotypic diversity in traits linked to sperm competitive ability (Joly et al. 1997 ) and thus alter reproductive success via postcopulatory processes. These factors may affect within-brood reproductive skew, which is the bias of a female's reproductive effort towards 1 or a few of her mates, due to unequal sperm transfer, sperm competition or sperm viability (Birkhead and Pizzari 2002; Evans 2010) . Females can also contribute to reproductive skew via mechanisms of cryptic female choice, either through differential sperm use, which impacts the fertilization success of individual males (Eberhard 1996) , or by differential investment in offspring size and number before or after fertilization, which affects offspring fitness (Sheldon 2000) . In species with sperm storage, the female's mating strategy, including the frequency of mating and timing of fertilization, could well influence the fertilization success of a given male. Empirical evidence in guppies suggests that fresh sperm has a competitive advantage over stored sperm (Hildemann and Wagner 1954) . Therefore, in hybridizing species, skewed mating success of males of a certain genotypic or phenotypic class is potentially influenced by several pre-and postcopulatory processes.
Pre-and postcopulatory processes interact to drive variation in the mating success of males in live-bearing poeciliid fish species. Poeciliids have both polyandry and internal fertilization, allowing for the possibility of sperm storage, sperm competition, cryptic female choice, and a high degree of intersexual conflict (Soucy and Travis 2003; Evans et al. 2003; Smith 2014) . Multiple paternity of broods is common in this family, though its frequency varies within and among species depending on the mating system and life history (Herdman et al. 2004; Travis et al. 1990; Trexler et al. 1997; Kelly et al. 1999; Avise and Liu 2010) .
Precopulatory processes have been studied extensively in swordtails and platyfishes (Poeciliidae: Xiphophorus). Natural variation in male phenotypes and female preferences occurs within and among populations and species, and may be shaped by both natural and sexual selection (Ryan and Rosenthal 2001) . The swordtails Xiphophorus birchmanni and X. malinche are sister species endemic to the Río Pánuco basin of the eastern slopes of the Sierra Madre Oriental in central Mexico (Rauchenberger et al. 1990) . Recently discovered natural hybrid zones between X. birchmanni and X. malinche (Rosenthal et al. 2003; Culumber et al. 2011 ) offer a unique opportunity to study how sexual selection affects male and female reproductive success within a hybrid zone. Previous research has demonstrated that female choice for novel male phenotypes is likely to occur in X. birchmanni populations (Rosenthal 2013) , which could explain the observed introgression of X. malinche alleles into these X. birchmanni populations.
Hybridization influences premating processes in both X. birchmanni and X. malinche (Verzijden et al. 2012) . Sexually dimorphic traits of males found in the hybrid zones exhibit phenotypic diversity outside of the parental range due to the introgression of heterospecific alleles (Rosenthal et al. 2003) . The presence of greater male phenotypic diversity in populations with introgressed X. malinche alleles may impact male mating success by producing multivariate male phenotypes that are more attractive to females than either parental morph (Fisher et al. 2009; Rosenthal 2013) . Similarly, hybrid or introgressed females may exhibit mate preferences that differ from parental females (Rosenthal 2013) . Natural selection may also shape patterns of introgression and hybridization within a population, as the fitness of parental and hybrid morphs also vary across environmental gradients . Experimental evidence has shown that the female preferences and reproductive allocation of the parental species are also influenced by their experience with males (Verzijden and Rosenthal 2011; Willis et al. 2011; Verzijden et al. 2012; Kindsvater et al. 2013 ) but the effect of introgression on male mating success is unclear. Although we have little evidence that introgressed offspring are less viable than offspring with parental species' genomes, the persistence of parental species' genotypes in populations with hybridization suggest that pre-or postcopulatory processes could influence hybrid fitness (Culumber et al. 2011) .
Based on previous studies of female choice, we expect that X. birchmanni females with introgressed X. malinche alleles will exhibit different preferences than parental X. birchmanni females, and that X. birchmanni males with introgressed X. malinche alleles may have greater mating success than nonintrogressed X. birchmanni males (Fisher et al. 2009; Rosenthal 2013) . Nevertheless, we still do not know how postmating processes affect reproductive success in these species or how a history of hybridization may further complicate these processes. Postcopulatory processes may work to favor the same individuals that succeed in accruing mating success (Evans et al. 2003; Rose et al. 2013) , or may favor individuals of a different phenotypic class (Evans 2010) . As a result, interactions between these phases may result in a complex pattern of parentage.
In this study, we asked how mating success of parental and introgressed individuals played out in a natural X. birchmanni population with a history of hybridization between X. birchmanni and X. malinche. Our objectives were to use microsatellite markers to characterize the patterns of multiple mating and reproductive skew in females of 2 populations of X. birchmanni. We then used single nucleotide polymorphism (SNP)-based markers to characterize differences between parental (or non-introgressed) and introgressed individuals in: 1) mating and reproductive success, 2) female investment in reproductive traits, and 3) interaction effects between introgression in males, introgression in females, and female reproductive allocation. In this way, we can address whether pre-and postcopulatory processes vary among parental and introgressed X. birchmanni individuals.
Methods

Sample Collection
Adult female X. birchmanni were collected and preserved whole in ethanol from previously sampled locations near the CICHAZ field station in Calnali, Hidalgo, Mexico. Our analyses focused on samples collected at the San Pedro site (N = 31, abbreviated "SP", Table 1 ), a population with a known history of introgression of X. malinche alleles at low levels (from Culumber et al. 2011, 14 of 39 collected individuals, or 36%, had 1 or 2 heterospecific alleles out of a possible 7). We pooled samples collected at San Pedro across 2 years (N = 23 in 2008, N = 8 in 2010) . We saw no effect of annual variation in our data: females from 2008 and 2010 did not differ in number of offspring (Welch's t-test, P = 0.63, 95% CI, lower bound: −7.51, upper bound: 4.76), number of mates (Welch's t-test, P = 0.08, 95% CI, lower bound: −1.39, upper bound:0.08), or reproductive skew (Welch's t-test, P = 0.85, 95% CI, lower bound: −0.52, upper bound: 0.06). A previous analysis showed no effect of annual variation in female size or embryo size in this population (Kindsvater et al. 2012) . Although annual variation may exist in this population, our data shows no detectable difference in trait values so year was not included in our statistical models.
We also used samples collected at another site in a geographically distinct watershed, Coacuilco (N = 12 in 2010, abbreviated "CU"), to consider how multiple mating may vary. Coacuilco is a population of X. birchmanni with an unknown level of introgression from X. malinche populations; preliminary data show that 1 individual of 7 carried 1 X. malinche allele (Z. Culumber, unpublished data). Females were measured, and embryos were dissected, counted, and preserved with a female fin clip in 95% ethanol for DNA extraction. Three embryos from each female were dried to obtain offspring dry mass (a proxy for maternal investment), and so were excluded from the genetic analysis. For additional details on sample collection and the measurement of embryo mass see Kindsvater et al. (2012) . In total, 43 females and their broods (N = 590) were included in our analysis.
Genetic and Statistical Analysis
For our microsatellite analysis, we optimized 4 highly variable tetranucleotide microsatellite loci from a database developed for a congeneric species, X. maculatus (Walter et al. 2004) . DNA was extracted using the DNeasy kit (Qiagen Inc.) and amplified using primers designed for X. maculatus in modified PCR conditions (Table 1) . PCR products were analyzed on an Applied BioSystems 3730xl DNA Analyzer at the Cornell University Life Sciences Core Laboratories Center. Two authors manually scored genotypes independently using PeakScanner v1.0. GERUD2.0 was used to assign the minimum number of fathers to each female's brood and to reconstruct paternal microsatellite genotypes (Jones 2005) . Post hoc review of the GERUD2.0 output shows that within each family any given full-sib group is differentiated from all other full-sib groups within that family by alleles at 2 or more loci. F ST and Fisher's Exact Test for Hardy-Weinberg Equilibrium were calculated using Genepop 4.2 (Raymond and Rousset 1995; Rousset 2008) . We then calculated each female's reproductive skew using the index of monopolization (Ruzzante et al. 1996; Kokko et al. 1999) . This index measures the observed variance in number of fertilizations per male as a fraction of the maximum possible variance, with both corrected by an estimate of the variance expected under random distribution of fertilization success (Ruzzante et al. 1996) . As this index was non-normal, a permutation test of significance was used in analyses of this variable. We used PrDM (Neff and Pitcher 2002) to measure the probability of detecting multiple mating given the allele frequencies observed in each population. We repeated the simulation with a range of brood sizes, number of mates, and reproductive skew representing the average combinations of multiple paternity and reproductive skew for each population in our data (See Supplementary Table S1 ).
To investigate the relationship between within-brood reproductive skew and multiple mating, we subsampled 10 offspring from every brood with 10 or more offspring (N = 24) 1000 times and calculated the average number of sires represented in the subsample. We expect that the number of fathers identified increases with brood size as each additional embryo represents an increased chance to capture unique paternal alleles. We controlled for this ascertainment bias by subsampling the broods and then examining the pattern of multiple mating in broods of fixed size. We chose to subsample 10 embryos per brood because it maximized the number of broods included in the analysis while still providing a brood large enough to detect multiple mating. If the relationship between brood size and number of fathers is the result of a biological phenomenon then the relationship between number of subsampled fathers and brood size will be significant. If, however, the relationship is no longer significant, then we can conclude that the relationship is most likely due to an ascertainment bias.
San Pedro females and up to 6 offspring from each full-sib group (as defined by the GERUD2.0 analysis of microsatellites) were also genotyped using TaqMan SNP Genotyping Assays (Applied Biosystems) at 3 SNP markers (DNA Ligase 1, DNA Polymerase Beta, and Tumor Protein 53) previously characterized by Culumber et al. (2011) that show fixed differences between X. birchmanni and X. malinche individuals across 39 populations. Offspring SNP genotypes were used to reconstruct paternal SNP genotypes using COLONY, version 2.0.2.3 (Jones and Wang 2010) . COLONY uses a full likelihood approach for building sibships (Wang 2004 (Wang , 2012 and calculates the probability of a reconstructed genotype at each locus, given the distribution of offspring genotypes. As our interest lies in comparing parental X. birchmanni individuals to those with at least 1 introgressed X. malinche allele, we used COLONY to calculate the probability that a given individual carried at least 1 introgressed allele at 1 of the loci. Using a combination of female SNP genotype, offspring SNP genotype, and inferred full-sib groups (based on microsatellite analysis in GERUD2.0), COLONY calculated the probability of every possible SNP genotype at each locus for each reconstructed male. We then used these data to calculate the probability that the inferred male was homozygous for X. birchmanni alleles across all 3 loci (e.g. parental or nonintrogressed). Individuals assigned a probability value greater than 0.5 were scored as parental and those scored less than 0.5 were scored as introgressed. We were unable to assign SNP genotypes to 9 fathers. In these cases, we could not successfully amplify the SNP alleles in the offspring. Failure to assign SNP genotypes seems largely to be a function of full-sib group size, as males with unassigned SNP genotypes tended to have fewer offspring (mean = 2.1, ranging from 1 to 4) than males with assigned SNP genotypes (mean = 6.3). As male SNP genotypes are reconstructed from their offspring's SNP genotypes, such small full-sib groups did not provide sufficient information to make a confident assignment in most cases. In 9 cases, female SNP genotype was incomplete (i.e., missing data at 1 or more SNP loci). In these cases female genotype was reconstructed in the same way as male genotype. We categorized each female's brood into 1 of 3 "mate categories": only parental X. birchmanni fathers (N = 8), mixed parental and introgressed fathers (N = 8), and only introgressed fathers (N = 14); males with unassigned genotypes were excluded. In 1 brood, we were not able to amplify the SNP markers in the embryos and so were not able to reconstruct paternal SNP genotypes. This brood was excluded from any statistical analyses that included paternal introgression as an effect. Statistical analyses were performed in JMP (JMP, Version 9.0, SAS Institute Inc., Cary, NC, 2010) and in the R statistical language (R version 2.15.2; 2013). JMP was used to produce partial residual plots to illustrate the effect of each term included in least squares multiple regression models. Partial residual plots highlight the behavior of individual variables in a multivariate model by showing the relationship between a given independent variable and the dependent variable, after statistically controlling for all other independent variables (Gunst and Mason 1980) . When standard deviations of groups were unequal, we used Welch's approximate t-test. Brood size was log-transformed and proportion variables were arcsine-square root transformed. We have deposited these data with Dryad in compliance with the data archiving guidelines of this journal (Baker 2013) .
Results
The 4 microsatellite markers optimized for this study from X. maculatus were highly variable with 11-27 alleles per locus identified in the pool of gravid females (Table 1) . Genotypic variation was high within populations; no 2 females shared the same multilocus genotype. Similarly, none of the male genotypes inferred from the full-sib offspring groups were shared across broods. The probability of detecting multiple mating is high in both populations; only simulations of broods with fewer than 8 embryos showed a detection probability less than 0.96 (PrDM, Supplementary Table 1) . Simulations similar to mean brood size and reproductive skew showed a probability of detection greater than 0.99 in San Pedro (mean = 14.6, N simulation = 15) and approximately 0.97 in Coacuilco (mean = 11.33, N simulation = 10, see Supplementary Table S1 for more detail). We observed no significant departure from Hardy-Weinberg equilibrium in any of the 4 loci within each population (Table 1 ). The mean F ST value (0.107) suggested moderate differentiation between the San Pedro and Coacuilco populations. F ST estimates varied greatly among loci (Table 1) , as expected in cases with low gene flow (Baer 1999) or with low sample sizes. We found a high degree of genic differentiation between populations at Msd-029 (exact G test, P = 0.00198), Msd-036 (exact G test, P < 0.0001), and Msd-049 (exact G test, P < 0.0001), as a result of the high number of private alleles in each population at these loci (14 of 20 in Msd-029, 12 of 17 in Msd-036, and 6 of 11 in Msd-049).
Patterns of Multiple Mating and Reproductive Skew Within Broods
San Pedro Population
We first examined multiple mating in our focal population, San Pedro. We observed multiple mating in 26 of our 31 females (Table 2, 84%). Females in our sample mated with between 1 and 5 males (mean= 2.48, Figure 1 , Table 2 ). In Table 2 Multiple mating in our data and previously published data, including 2 congeneric species San Pedro, females in our collection varied from 37.00 to 58.59 mm in length (mean SP = 46.00) and carried between 3 and 30 embryos (mean SP = 14.60, Table 2 ). Number of fathers increased with brood size, with an average gain of 1 father per 14.10 additional offspring, but did not vary with female size (Figure 2a and Supplementary Figure S1a -d, least squares multiple regression, overall model: R 2 = 0.44, F 3,26 = 6.71, P = 0.0017; female size: F 1,26 = 2.75, b′ = 0.30, P = 0.11, brood size: F 1,26 = 6.14, b′ = 0.48, P = 0.02; female size*brood size: F 1,26 = 0.03, b′ = −0.03, P = 0.85). When broods were subsampled to control for ascertainment bias, large females and females with large broods did not have more mates (Figure 2b and Supplementary Figure S1e h, least squares multiple regression, overall model: R 2 = 0.26, F 3,20 = 2.31, P = 0.11, female size: F 1,20 = 1.63, b′ = 0.29, P = 0.22; brood size: F 1,20 =1.48, b′ = 0.28, P = 0.24; female size*brood size; F 1,20 = 0.52, b′ = −0.15, P = 0.48). Of the 24 broods subsampled, 8 successfully subsampled all fathers in all replicates and 16 broods lost 1 father in at least 1 of the 1000 replicates. Large broods were more likely than small broods to show a reduction in subsampled mates relative to number of mates identified using the whole brood (linear regression, R 2 = 0.52, F 1,22 = 23.65, P < 0.0001); similarly, highly skewed broods were more likely than non-skewed broods to lose a mate in some of the subsample replicates (linear regression, R 2 = 0.40, F 1,22 = 14.66, P = 0.0009).
In multiply-sired broods, primary sires (those producing the greatest number of offspring in a brood) fathered on average 64% of the offspring (Table 2 , range 37%-95%). Secondary sires (those producing the second greatest number of offspring in a brood) fathered an average of 26% of the offspring (range 5%-43%) and subsequent males (3-5) fathered on average 2.4% of the offspring (range 7%-25%).
Broods with more fathers also had higher reproductive skew (linear regression with permutation test: R 2 = 0.26, F 1,29 = 11.60, b′ = 0.33, P = 0.002). Broods with 2 fathers had, on average, 12.36 offspring and an index of monopolization of −0.06. This value of reproductive skew can arise in a brood of 12 if, for example, 1 male contributes 8 offspring and the other contributes 4 offspring. Skew increased to −0.02 in broods with 3 fathers. This value for the index of monopolization occurs in a brood of 16 offspring (mean brood size, 3 fathers = 16.44) when, for instance, the 3 fathers sire 11, 4, and 2 offspring apiece. The relationship between multiple paternity and skew was not maintained when the offspring were subsampled as before (linear regression with permutation test: R 2 = 0.008, F 1,22 = 0.19, b′ = 0.04, P = 0.67).
We next investigated the effect on reproductive skew of female size, number of offspring, embryo dry mass, and the interaction between these variables. Reproductive skew increased with number of offspring and the interaction between number of offspring and female size ( test of slope, full model R 2 = 0.72, F 7,22 = 7.98, P < 0.0001; number of offspring, b′ = 0.83, P < 0.0001; female size, b′ = 0.02, P = 0.96; embryo dry mass, b′ = −0.04, P = 0.84; number of offspring*female size, b′ = 0.55, P = 0.003; number of offspring*embryo dry mass, b′ = 0.32, P = 0.06; female size*embryo dry mass, b′ = 0.17, P = 0.11; number of offspring*female size*embryo dry mass, b′ = 0.005, P = 1.0). A brood of 10 offspring has an average skew value of −0.09, which corresponds to 3 fathers contributing 4, 3, and 3 offspring each, while skew increases to an average value of −0.01 in broods of 20 offspring, as would occur if the fathers sired 12, 5, and 3 offspring per male.
Coacuilco Population
We quantified multiple mating in an additional 12 X. birchmanni females from our second population, Coacuilco, to address whether patterns of multiple mating vary between populations. In Coacuilco, female size varied from 35.9 to 51.00 mm (mean CU = 43.60) and brood size varied between 4 and 23 offspring (mean CU = 11.33). Coacuilco females mated with between 1 and 3 males (mean CU = 2.08, 83% multiply mated). The distribution of multiple mating did not differ between San Pedro and Coacuilco (Figure 1 , KolmogorovSmirnov test, D = 0.20, P = 0.87), although our power to detect a difference is limited by sample sizes. We found no evidence that the patterns of multiple mating and within-brood reproductive skew in Coacuilco differed from the results we observed in the San Pedro population. We repeated our previous analysis of number of mates (# fathers~ female size + brood size + female size*brood size) and reproductive skew (reproductive skew~ female size + brood size + embryo weight + female size*brood size + female size*embryo weight + brood size*embryo weight + female size*brood size*embryo weight) with data from both populations and included "population" as an effect. Adding population identity as a covariate did not improve the explanatory power of these models (least squares multiple regression on number of mates, AICc without population = 100.25, AICc with population = 103.00, ΔAICc = 2.75, population, P = 0.87; least squares multiple regression on reproductive skew, AICc without population = −129.16, AICc with population = −126.40, ΔAICc = 2.73, population, P = 0.40). Additionally, a discriminant analysis using brood size, female size, number of fathers, and reproductive skew failed to distinguish between the populations (Wilks' Lambda=0.87, F 4,29 = 1.08, P = 0.38), misclassifying 32.30% of females (11 out of 34).
Introgression of X. malinche Alleles and Within-Brood Reproductive Skew
Introgression in Females
We identified 9 parental X. birchmanni females and 22 introgressed females in our collection from the San Pedro population. Introgressed females did not differ from parental females in body size (Welch's t-test, P = 0.69, 95% CI, Lb: −4.48, Ub: 7.12), brood size (Welch's t-test, P = 0.61, 95% CI, Lb: −0.56 Ub: 0.86), offspring size (Welch's t-test, P = 0.56, 95% CI, Lb: −0.0012, Ub: 0.00061), number of mates (after subsampling, Welch's t-test, P = 0.72, 95% CI, Lb: −0.64, Ub: 0.91), or reproductive skew (Welch's t-test, P = 0.35, 95% CI, Lb: −0.03, Ub: 0.07). Female genotype did not vary annually (Fisher's exact test, P = 0.66).
Introgression in Males
We were able to infer SNP genotypes for 31 nonintrogressed fathers and 34 introgressed fathers using the SNP genotypes of the female and up to 6 offspring in each full-sib group (see Methods). Nonintrogressed X. birchmanni males cumulatively sired 230 offspring while the introgressed males fathered 177. Individual nonintrogressed males did not differ from introgressed males in greater number of offspring (Welch's t-test P = 0.72, 95% CI, Lb: −2.01, Ub: 2.90) or percentage of their brood (t-test P = 0.20, 95% CI, Lb: −0.05, Ub: 0.23). Finally, we found no evidence that any male mated with more than 1 female in our collection, as none of the male microsatellite genotypes inferred from the full-sib offspring groups were shared across broods.
Reproductive Investment in Females with Parental and Introgressed Mates
We next asked whether a female's reproductive allocation may be related to the genotypes of her mates, which we summarized as the mate category: all parental mates, all introgressed mates, or mixed parental and introgressed mates. Reproductive skew and embryo dry mass did not vary according to mate category (Tukey-Kramer HSD α = 0.05).
Females with only parental mates tended to have, on average, 8 more offspring than females with only introgressed mates (Figure 4 , Tukey-Kramer HSD, P = 0.03); however, this pattern is not robust if we include the effect of female size in the analysis of variance (ANCOVA, full model: brood size ~ female size + mate category, F 3,25 = 6.04, P = 0.003, female size F 1, 25 = 9.49, P = 0.005, mate category F 2,25 = 1.74, P = 0.20).
Females mating with both parental and introgressed males had, on average, 1.08 more mates than females mated with only introgressed mates (Tukey-Kramer HSD, P = 0.02) and 0.90 more mates than females with only parental mates (Tukey-Kramer HSD, P = 0.076) when we use the subsampling method to control for the effect of brood size. This pattern is robust if we further exclude singly mated females, which could not be included in the mixed mates category; females with mixed mates had on average 1.00 more mates than females with only introgressed mates and 0.5 more mates than females with only parental mates (Tukey-Kramer HSD, p mixed-introgressed = 0.03, p mixed-parental = 0.41).
Interactions among Introgression in Males and Females, and Female Allocation
Female genotype did not predict patterns of mating and reproductive allocation towards parental and introgressed males. Parental females were no more likely than introgressed females to have more parental mates (Welch's t-test, by count P = 0.21, by proportion P = 0.20), to have a parental male father the largest proportion of their brood (Fisher's Exact Test, P = 0.12), or have parental males father a greater total number of offspring (Welch's t-test, P = 0.36) or proportion (Welch's t-test, P = 0.16) in her brood. Similarly, a contingency table shows that parental and introgressed females were equally likely to mate with only parental, only introgressed, or both parental and introgressed males (female genotype by mate category, Fisher's exact test, P = 0.67).
Discussion
Understanding the evolutionary causes and consequences of mating system variation is a fundamental question in evolutionary biology, because these processes can play a major role in species diversification and extinction as well as in the evolution of complex traits. Although the mating preferences of female Xiphophorus have been studied extensively, few studies have measured variance in male mating success in these species. Our results suggest that mate preferences of females, the introgression of hybrid alleles, and female life-history traits may play a major role in determining fertilization success of male swordtails.
Our initial objective was to determine if multiple mating occurred in our focal species, X. birchmanni. We did find that a large proportion of females in our collection mated multiply (Table 2 , 84%), suggesting that multiple mating is the norm in this species, and that the incidence of multiple mating in X. birchmanni appears to be higher than that observed in other species of Xiphophorus (Table 2, Luo et al. 2005; Simmons et al. 2008; Tatarenkov et al. 2008) . However, the pattern of multiple mating we observed is not unexpectedly high, as the frequency of multiple mating and the mean number of mates per female appear to be similar to the level of multiple mating observed across poeciliids and female-pregnant fishes generally (Table 2 , Avise and Liu 2010; Coleman and Jones 2011) . We also found this pattern of multiple mating to be relatively consistent across the 2 populations we studied, or across years at San Pedro; however, our power to detect a difference may be constrained due to our limited sample size. Further investigation of populations across the X. birchmanni-X. malinche hybrid zone and across environmental gradients may provide a clearer picture of how the mating system varies and how the mating system acts to maintain this hybrid zone.
We did not detect an effect of introgression in males or females on the rate of multiple mating when we compared parental and introgressed individuals from the San Pedro population. Our results suggest that the low level of introgression found in this population (introgressed individuals carry 1 or 2 out of 7 possible X. malinche SNP alleles) does not result in detectable variation in mating rate between introgressed and non-introgressed females. Populations with higher average introgression or greater diversity in the introgression of individuals may show more substantial variation in mating rate between these groups. We observed substantial reproductive skew within broods in X. birchmanni, indicating that some males have much greater fertilization success than others. We found that larger females with more offspring (larger broods) had more highly skewed broods. Reproductive skew has also been documented in other swordtails and live-bearing fishes, suggesting that within-brood skew is a general phenomenon (Luo et al. 2005; Simmons et al. 2008; Tatarenkov et al. 2008 ). The mechanisms producing reproductive skew in swordtails is currently unknown, but potential mechanisms include the use of fresh and stored sperm in fertilization (Potter and Kramer 2000) , cryptic female choice in favor of some male phenotypes (Eberhard 1996) , or sperm competition (Birkhead and Moller 1998) .
Although we did not find a relationship between female introgression and reproductive tactics, we did find a relationship between female reproductive traits and male introgression. Our results suggest that fecund females more frequently mate with parental X. birchmanni males than with introgressed males (Figure 4 ). This tendency does not appear to result in increased paternity for nonintrogressed males, despite the fact that these large females are more fecund, because large females also have more mates and greater reproductive skew. However, males that preferentially target large, fecund females may gain indirect benefits by fathering more successful offspring, as a previous study on a larger collection from this population showed that large females also produce heavier offspring (Kindsvater et al. 2012) . The relationship between female fecundity and male genotype may be the result of either a male or female effect. For example, large females may have greater control over mating (i.e. they are less likely to be coerced). There is a robust relationship between size and age in females (Kindsvater et al. 2012) , so this pattern may be the result of a learned preference by older, more experienced females for nonintrogressed males, as learned preferences have been shown in X. birchmanni in previous studies (Verzijden and Rosenthal 2011; Verzijden et al. 2012) . Alternatively, females may be allocating reproductive effort in favor of non-introgressed mates. An experimental lab study on X. birchmanni showed that female experience also influenced reproductive allocation (Kindsvater et al. 2013) . Increased reproductive investment, or differential allocation, would be expected to evolve if some male genotypes offer benefits to offspring fitness (Reynolds and Gross 1992; Sheldon 2000; Kindsvater et al. 2013) . The patterns we observed may also arise if nonintrogressed males preferentially court or harass the largest females in the population or if nonintrogressed males are more successful at male-male competition.
Our results suggest that hybrid inviability does not affect the reproductive success of parental and introgressed X. birchmanni. First, we did not see a direct effect of either male or female genotype on fecundity. Female fecundity is related to mate category ( Figure 4) ; however, this relationship is not maintained when female size is included in the model. Similarly, individual parental males did not father more offspring than introgressed males, on average. Additionally, we found no interaction effect between male and female genotype on reproductive skew, brood size, or embryo size, which would be expected if cross-type mating events experienced reduced genetic compatibility. Rather, it is more likely that large females have more offspring and some other factors, either male or female, bias the mating events and reproductive allocation of large females towards nonintrogressed males.
Our data are the beginning of a promising line of research detailing variation in mating systems of X. birchmanni and X. malinche across multiple natural hybrid zones. However, additional information is required to answer many of the more intriguing questions raised by our results. Our methods do not capture phenotypic variation among males that may be fundamental to explaining female mate choice and reproductive allocation. By categorizing inferred males as either "parental" or "introgressed" genotypes, our data do not reflect the extensive phenotypic variation present within hybrid and introgressed male genotypic categories. Such data could not be collected from a wild population without nearly exhaustive sampling, which would permit genotypes of collected males to be matched to the paternal genotypes reconstructed from full-sib groups. Furthermore, several of our inferences are based on comparisons between relatively small samples and could reflect a lack of power to detect an effect. Similarly, our assay of 3 neutral SNP markers provides a relatively low resolution look at genome-wide levels of introgression. On average, individuals carrying all X. birchmanni alleles are likely to have lower levels of introgression than individuals carrying many X. malinche alleles; however, the utility of these markers in measuring individual genome-wide introgression is yet untested. In future studies, the use of high-throughput techniques such as RAD-tag or multiplexed shotgun genotyping (MSG) where thousands of markers are simultaneously assayed to produce a fine-scale measure of individual genomic introgression (Hohenlohe et al. 2011; Schumer et al. 2013 ) may allow us to revisit the patterns observed here.
Previous studies have characterized the precopulatory mechanisms of sexual selection across Xiphophorus in depth, as they are an excellent system in which to study how mate preference, sensory drive, and hybrid mating affect species diversity. Our study demonstrates that both pre-and postmating processes including multiple mating and the coevolution of male and female traits could be important contributors to patterns of reproductive success in X. birchmanni.
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